The "Zeeman effect" offers unique opportunities for magnetic manipulation of the spin degree of freedom (DOF). Recently, valley Zeeman splitting, referring to the lifting of valley degeneracy, has been demonstrated in two-dimensional transition metal dichalcogenides (TMDs) at liquid helium temperature. However, to realize the practical applications of valley pseudospins, the valley DOF must be controllable by a magnetic field at room temperature, which remains a significant challenge. Magnetic doping in TMDs can enhance the Zeeman splitting, however, to achieve this experimentally is not easy. Here, we report unambiguous magnetic manipulation of valley Zeeman splitting at 300 K (g eff = -6.4) and 10 K (g eff = -11) in a CVD-grown Fe-doped MoS 2 monolayer; the effective Landé g eff factor can be tuned to -20.7 by increasing the Fe dopant concentration, which represents an approximately fivefold enhancement as compared to undoped MoS 2 .
Room-temperature manipulation of the spin degree of freedom (DOF) is crucial for spintronic and valleytronic devices. 1, 2 Two-dimensional transition metal dichalcogenides (TMDs) exhibit a distinguishable carrier distribution in two momentum-dependent valleys; [3] [4] [5] [6] [7] the broken spatial inversion symmetry together with the strong spin-orbit coupling (SOC) results in the coupling of the spin and valley, giving rise to valley-dependent optical selection rules. 8 where τ = ±1 represents the index for the ±K valleys, m is the magnetic quantum number of d-orbitals, Δα is the difference in the valley g-factors of the conduction and valence bands, and µ B is the Bohr magneton. 5 The interaction of the magnetic moment µ with a magnetic field B can lift the valley degeneracy and slightly shift the energy of the valence and conduction bands in the two valleys, resulting in the splitting of the PL spectrum lines of the +K and -K valleys, analogous to the "Zeeman effect".
Zeeman-type valley splitting has been studied in monolayer WSe 2 , 4, 5, 10 monolayer MoS 2 and WS 2 , 11, 12 monolayer MoSe 2 , 3, 13 and bilayer MoTe 2 14 under an out-of-plane magnetic field. The interfacial magnetic exchange field has also been utilized to enhance the Zeeman-type valley splitting in a heterojunction geometry comprising monolayer TMDs and magnetic films (EuS, CrI 3 ). 15, 16 Increasing the valley Zeeman splitting is of great importance for valley polarization control for logic applications. 17 A 15 meV valley Zeeman splitting was observed using an extremely high magnetic field up to 65 T at 4 K. 11 Considerable efforts have also been devoted to enlarging the effective Landé eff g factor, which is estimated to be approximately -4 in pristine monolayer TMDs. 3, 10, 15, 18 Recently, the eff g factor was observed to be as high as -18 by increasing the electron density in heavily gated monolayer TMDs, which originates from the exciton-polaron resonance and phase-space filling effect. [19] [20] [21] [22] In the field of magnetically doped semiconductors, J. K.
Furdyna and H. Ohno have done pioneering researches and brought diluted magnetic semiconductor (DMS) to prominence on the world scale. [23] [24] [25] The presence of magnetic ions results in the sp-d exchange interaction between the band electrons and the localized magnetic moments, [26] [27] [28] which further leads to extremely large Zeeman splitting and ferromagnetism. [29] [30] [31] Theoretically, magnetic doping in monolayer TMDs has been predicted to increase the magnetic susceptibility, even possibly giving rise to magnetic order and rich physics due to the interaction between the SOC and local ferromagnetism. 32, 33 However, substitutional doping of monolayer TMDs without collateral damage to the lattice is currently very challenging.
In this work, we observed enhanced valley Zeeman splitting in CVD-grown Fe-doped monolayer MoS 2 by circularly polarized magneto-photoluminescence, with a g eff factor of -6.4 at 300 K. The g eff factor exponentially increases to approximately -11 as the temperature decreases to 10 K and is further monotonically tuned to -20.7
by increasing the Fe dopant concentration. This value corresponds to an approximately fivefold enhancement as compared to undoped monolayer MoS 2 .
Using first-principles calculations, we propose that the enhanced valley Zeeman splitting and g eff factor are attributed to the isotropic Heisenberg exchange interaction of magnetic moments arising from the d-orbital hybridization of Fe and Mo atoms. imaging a powerful tool to unveil the atomic structures of 2D materials. 41 The presence of substitutional doping of Mo by Fe is reflected by the contrast reduction in the STEM-ADF image ( Fig. 2a and Supplementary Information Fig. S2 ). The location and density of Fe dopants were calculated based on the contrast reduction, and the mapping of all atom species of the Fe-doped MoS 2 monolayer is depicted in Fig. 2b .
Results and discussion
Statistical sampling shows that the concentration of Fe substitutes is ~2% based on statistical analysis, suggesting a Mo 0.98 Fe 0.02 S 2 chemical stoichiometry. The contrast of the Fe atom is approximately equal to that of the S dimer ( Fig. 2c ), which is confirmed by the corresponding simulated image ( Fig. 2d-e ). Furthermore, the presence of the Fe dopant is verified by the electron energy loss spectrum (EELs) ( Fig To further verify the increasing effective g eff factor in Fe-doped monolayer MoS 2 , exfoliated and undoped CVD-grown MoS 2 monolayers were used as control samples and measured at 10 K in the same polarization-resolved optical system (Supplementary Information Fig. S6 ). The g eff factors of the exfoliated and undoped CVD-grown MoS 2 monolayers are -4.4±0.5 and -4.5±0.5 at 10 K, respectively. Thus, the g eff factors of Fe-doped monolayer MoS 2 are at least ~250% times larger than that of exfoliated and undoped CVD-grown MoS 2 monolayer ( Fig. 3f and 3g ). The valley Zeeman splitting can be strikingly tuned by controlling the Fe dopant concentration, which significantly increases as the Fe dopant concentration increases. The g eff factor of Fe-doped MoS 2 monolayer achieves a maximum of approximately -20.7±1.0, which is ~5 times as larger as that of exfoliated and undoped CVD-grown MoS 2 ( Fig.   3g and Supplementary Information Fig. S6 and S7).
The absorption spectra of all samples were examined at 10 K (see Supplementary
Only excitons A and B are observed, and no distinguishable trion absorption peak due to electron doping is detected. 8 Therefore, the possibility of electron doping leading to the increase in g eff factor is ruled out. 8, 18, 19, 43 We also measured Zeeman-type spin splitting of defect emission in monolayer MoS 2 (see Supplementary Information Fig. S8c-f ). Strikingly, the g eff factor of defect emission is approximately -6.0 at 10 K, which is only half and even 1/4 of that in Fe-doped MoS 2 monolayer ( Fig. 3) . Thus, the enhancements of g eff factor in Fe-doped MoS 2 monolayer are not induced by defects. The Fe dopants are anticipated to lead to the distinct increase in g eff factor and valley Zeeman splitting.
Importantly, unambiguous valley Zeeman splitting is observed at room temperature, although it is smaller than the PL linewidth. At zero field, the σˉ and σ + PL spectra from the -K and +K valleys are completely overlapped; however, they split at high field, with inverse shifting directions for +7 T and -7 T (P2, see Supplementary Information Fig. S9 ). The spectral line shape of ΔPL at room temperature is consistent with that at 10 K, whereas the ΔPL intensity decreases by 50%. Thus, ΔPL clearly shows the occurrence of valley Zeeman splitting at room temperature, which follows a linear relation with B, giving a g eff factor of -6.4±0.5 at 300 K (see Supplementary Information Fig. S9a and S9d), which is ~1.6 times as large as that of undoped CVD-grown monolayer MoS 2 with a g eff factor of -3.9 at 300 K (see Supplementary Figure 4d shows the temperature dependence of the effective g eff factor of Fe-doped MoS 2 monolayer, which increases by nearly 1 times as the temperature decreases from 300 K to 10 K; in contrast, the g eff factor of undoped CVD-grown MoS 2 monolayer almost keep constant and slightly change from -3.9 to -4.5 with the decreasing temperature from 300 K to 10 K (see Supplementary Information Fig. S9d and S6d). 28, 29 Therefore, valley Zeeman splitting of monolayer Fe-doped MoS 2 is linearly dependent with magnetic field, consistent with the above experimental results, as shown in Fig. 3 and Supplementary Information Fig. S7 .
Heisenberg exchange interaction mechanism for valley
Finally, we briefly discuss the temperature dependence of valley Zeeman splitting and the g eff factor. In the Heisenberg exchange interaction mode, the exchange ) rather than the Brillouin law used in traditional three-dimensional diluted magnetic semiconductor, 42, 51, 52 where Δ is the energy barriers of Fe spin flipping. Therefore, the valley Zeeman splitting increases with decreasing temperature, leading to an increase in the g eff factor, in agreement with our experimental results (see the solid line in Fig. 4c and 4d ). The energy barrier of Fe spin fipping is estimated to be ~10 -4 meV, indicating that the spin flipping is suppressed only below ~1 mK (k B T), thus, the long-range magnetic order is strongly prohibited and no ferromagnetism is observed in Fe-doped MoS 2 monolayer at 10 K (see Supplementary Information Fig. S5 ), which is consistent with the experimental result of no valley Zeeman splitting at 0 T (Fig. 3c ). The lattice thermal expansion dominates the temperature dependence of valley Zeeman splitting and the g eff factor. 
Conclusion
In summary, we have demonstrated an enhanced g eff factor and valley Zeeman splitting in Fe-doped monolayer MoS 2 , arising from the Heisenberg exchange interaction between the local magnetic moments and MoS 2 through the d-orbital
hybridization. This result could potentially give rise to many interesting phenomena such as the tunneling magnetic-resistance effect and spin Hall effect. [54] [55] [56] Our proposed approach for magnetic doping and manipulation of valley spin at room temperature is not limited to MoS 2 and can be achieved in a variety of TMDs, including WSe 2 , MoSe 2 and WS 2 . These features highlight the potential to synthesize magnetic 2D materials and to produce quantum confined spintronic and valleytronic devices at room temperature. 57, 58 Experimental methods The convergence semiangle of the probe was ≈30 mrad. STEM-ADF images were collected using a half-angle range from ≈85 to 280 mrad. Dwell times of 19 and 10 μs pixel −1 were set for single-scan imaging and sequential imaging, respectively. The QSTEM package was used for image simulations by assuming an aberration-free probe and an ≈1 Å source size to give a probe size of ≈1.2 Å.
Synthesis of Fe-doped MoS
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The authors declare no competing financial interest. monolayer is splitted by 2λ due to SOC (Fig. 3a, left) . The external magnetic field lifts the valley degeneracy, leading to valley Zeeman splitting (Fig. 3a, middle) . Fe dopant enhances the interaction of the magnetic moment and magnetic field, which gives rise to much more pronounced valley splitting (Fig. 3a, right) Zeeman splitting (c) and g eff factor (d) as a function of temperature. The solid lines are fits to the data obtained using the temperature dependence of the exchange constant of isotropic Heisenberg exchange interaction mode, as described in the text. 
